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Geohydrology and Numerical Simulation of the Ground-
Water Flow System of Molokai, Hawaii

By Delwyn S. OKki

Abstract 96 withdrawal rates, show that the effects are wide-
spread. For a withdrawal rate of 0.337 million gal-
A two-dimensional, steady-state, areal lons per day from a proposed well about 4 miles

ground-water flow model was developed for the Southeast of Kualapuu and 3 miles north of
island of Molokai, Hawaii, to enhance the under- Kamiloloa, the model-calculated drawdown of

standing of (1) the conceptual framework of the 0.01 foot or more extends 4 miles southeast and 6

ground-water flow system, (2) the distribution of Miles northwest from the well. For a withdrawall
aquifer hydraulic properties, and (3) the regional rate of 1.326 million gallons per day from the same
effects of ground-water withdrawals on water lev-well, the model-calculated drawdown of 0.01 foot
els and coastal discharge. The model uses the ©Or more extends 6 miles southeast and 9 miles
finite-element code AQUIFEM-SALT, which sim- northwest from the well. In a third scenario, the
ulates flow of fresh ground water in systems that Withdrawal rate from an existing well near Kua-

may have a freshwater lens floating on denser lapuu was increased by 0.826 million gallons per

underlying saltwater. day. The model-calculated drawdown of 0.01 foot
) ) or more extends 6 miles southeast and 8 miles
Model results are in agreement with the genery,qrhwest from the well. In all scenarios, coastal

al conceptual model of the flow system on Molo- discharge is reduced by an amount equal to the
kai, where ground water flows from the interior, additional withdrawal.

high-recharge areas to the coast. The model-calcu-

lated ground-water divide separating flow to the Additional data needed to improve the under-
northern and southern coasts lies to either the nortgtanding of the ground-water flow system on

or the south of the topographic divide but is generMolokai include: (1) a wider spatial distribution

ally not coincident with the topographic divide. ~and longer temporal distribution of water-levels,
(2) independent estimates of hydraulic conductivi-

‘On the basis of model results, the following " (3) improved recharge estimates, (4) informa-
horizontal hydraulic conductivities were estimated:iion about the vertical distribution of salinity in

(1) 1,000 feet per day for the dike-free volcanic  4.nd water, (5) streamflow data at additional

rocks of East and West Moloka, (2) 100 feet per gjies and (6) improved information about the sub-
day for the marginal dike zone of the East Molokai g f5ce geology.

Volcano, (3) 2 feet per day for the West Molokai
dike complex, (4) 0.02 feet per day for the East
Molokai dike complex, and (5) 500 feet per day for INTRODUCTION

the Kalaupapa Volcanics. _
In response to projected water demand on the

Three simulations to determine the effects of island of Molokai, the State of Hawaii Commission on
proposed ground-water withdrawals on water lev-Water Resource Management (CWRM) designated the
els and coastal discharge, relative to model-calcuentire island as a Ground Water Management Area in
lated water levels and coastal discharge for 19921992. This action authorized the State to manage



ground-water withdrawals on Molokai through a per- results of model simulations that qualitatively assess the
mitting process to protect the water resources of the hydrologic effects of withdrawals at rates in excess of
island. the average 1992-96 rates, and (4) data needs.

The reported annual mean pumpage for Molokai No new data were collected as part of this study;
during 1996 was 4.336 Mgal/d (million gallons per day) only existing water-level, ground-water withdrawal,
(computed from data supplied by Neal Fujii, CWRM, and streamflow information were used to develop the
written commun., 1997); as of June 1997, the permittecconceptual framework of the ground-water flow sys-
ground-water withdrawals on Molokai totaled 8.844 tem. A numerical ground-water flow model was used to
Mgal/d (Neal Fujii, CWRM, written commun., 1997). refine the conceptual framework and to estimate the
Ground-water withdrawals on Molokai are currently effects of different withdrawal scenarios on regional
limited by sustainable yield estimates for 16 areas  ground-water levels and ground-water discharge. The
denoted as aquifer systems, mainly delineated on the numerical model used data from the period 1954-61 to
basis of topographic divides by Mink and Lau (1992). estimate hydraulic properties of the volcanic rocks and
The total estimated sustainable yield for Molokai is 83coastal deposits. Average ground-water withdrawals for
Mgal/d (State of Hawaii, 1990), which is considerably 1992-96 and estimated long-term average natural
greater than the permitted uses of 8.844 Mgal/d. The recharge were used in the model to simulate ground-
sustainable yield estimates, however, were made on thevater levels and discharge, which in turn were used as
basis of an analytical model that does not consider the base to compute simulated drawdown and change in
ground-water flow across aquifer system boundaries odischarge for three withdrawal scenarios.
the regional effects of withdrawals on ground-water
levels, streamflow, and coastal springs. Current knowl- )
edge of the hydrologic effects of ground-water with- Well-Numbering System
drawals on Molokai is limited. Given that withdrawals . o
from one aquifer system can affect water levels, water W?"S mentioned in this repprt are m_meered
guality, coastal discharge, and surface water-ground according to the Sta_te of Hawa_m_numbermg system.
water interactions in other aquifer systems, a better W‘?" number.s contain Seven d'g_'ts and are based on a
understanding of the ground-water flow system of latitude-longitude one-minute grid system. Well num-
Molokai is needed for water-resource management pwtgers are of the form:
poses. a-bbcc-dd,

In cooperation with the State of Hawaii Depart-
ment of Hawaiian Home Lands (DHHL), the U.S. Geo-
logical Survey (USGS) undertook an investigation of
the ground-water flow system of Molokai. A numerical
ground-water flow model of the entire island of Molo-
kai was developed to enhance the understanding of (1)
the conceptual framework of the ground-water flow
system, (2) the distribution of aquifer hydraulic proper-
ties, and (3) the regional effects of ground-water with-
drawals on water levels and coastal discharge. During  Anisland code of “4”is used for all wells on Molo-
the course of this investigation, data needs for improvkai and is omitted in this report.
ing the understanding of the ground-water flow system
were identified.

where:
aistheisland code;

bb is the minutes of latitude of the southeastern
corner of the one-minute grid;

ccisthe minutes of longitude of the southeastern
corner of the one-minute grid; and

dd is the sequential well number within the one-
minute grid.

Description of Study Site

Purpose and Scope Physical Setting

h f thi . q i h The island of Molokai, which has an area of 261
The purpose of this report is to describe (1) the mi?, is the fifth largest of the Hawaiian islands and is

geolog_ic and hydrologic setting of Molokai, (2) the located between longitude 1%0°W and 15640'W
numerical ground-water flow model developed, (3) theand between latitude 200'N and 2£15'N (fig. 1). It
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is composed mainly of two coalesced shield volcanoes  Molokai Ranch, which is currently owned by Bri-
(Stearns and Macdonald, 1947): the older West Molo-erley Investments Limited of New Zealand, controls
kai Volcano, which rises to an altitude of 1,430 ft, andabout a third of the land on Molokai. Their land is used
the younger East Molokai Volcano, which rises to an mainly for grazing and recreation. In western Molokai,
altitude of 4,961 ft. The Hoolehua Plain lies in the cenKukui (Molokai), Inc., which is owned by Tokyo

tral saddle area of the island at altitudes less than aboutosan, controls about 7.5 fif land. Alpha USA, a

800 ft. A high sea cliff runs along much of the northern subsidiary of Seikihyo Seibaku Co., Ltd. of Japan, con-
coast. Kalaupapa Peninsula, formed by a rejuvenatedtrols about 9.5 nfiof land in southwestern Molokai
stage volcanic vent associated with the East Molokai (The Honolulu Advertiser, December 5, 1994, p. A2).
Volcano, extends beyond the northern sea cliff. A In central and eastern Molokai, the land is controlled

coastal plain lies along the southern coast. mainly by the State of Hawaii and private land owners.
DHHL controls 39.7 i, or about 15 percent of land on
Land Use Molokai (The Honolulu Advertiser, June 22, 1997,

Land use on Molokai is classified by the Hawaii P- Al).

State Land Use Commission into conservation, urban
rural, and agricultural areas. The conservation areas
cover 77.8 nf (Oliver, 1995) mainly in the wet, north- The climate of Molokai is characterized by mild
eastern part of the island. Urban and rural areas covetemperatures, cool and persistent tradewinds, a rainy
6.8 mf (Oliver, 1995) mainly near the towns of Mau- winter season from October through April, and a dry
naloa, Kualapuu, Kalae, and Kalaupapa and along thesummer season from May through September (Blumen-
southern, eastern, and western coasts. The remainder sfock and Price, 1967). Climate is controlled primarily
the island is classified as agricultural land used for, by topography and the location of the north Pacific anti-
among other things, field crops, nurseries, and livestoclcyclone and other migratory systems relative to the
grazing. island. During the dry season the stability of the north
g_acific anticyclone produces persistent northeasterly
winds known locally as tradewinds. Summer
tradewinds blow 80 to 95 percent of the time. During

Hoolehua Plain and irrigated with pumped ground the rainy season mig[atory high—preSSl_Jre §ystems oftgn
water. The operation failed because of a lack of a reli-MOV€ past the Hawaiian islands resulting in less persis-

able freshwater source (Stearns and Macdonald, 194-};§nt tradewi_nds. Winter trade_winds b'OV.V 50 to 80 per-
p. 5). cent of the time. Southerly winds associated with low-

_ _ _ pressure systems can bring heavy rains to the island.
In 1923, Libby, McNeill, & Libby began large-  The dry coastal areas receive much of their rainfall as a

scale pineapple operations near the plantation town ofegylt of these low-pressure systems.
Maunaloa, and in 1927, the California Packing Corpo-

ration began large-scale pineapple operations near
Kualapuu (Anderson and others, 1973). By 1945, pine-  Rainfall on Molokai is characterized by maxima at
apple was grown on 13.2 frty Libby, McNeill, & high altitudes and steep spatial gradients (fig. 2). High-
Libby and on 7.5 nAi by California Packing Corpora-  est mean annual rainfall occurs in northeastern Molo-
tion (Stearns and Macdonald, 1947, p. 5). In 1968, pinekai. The maximum mean annual rainfall is near the
apple was grown on 27.0 frof Molokai (State of summit of the East Molokai Volcano and exceeds 150
Hawaii, 1975). At the end of 1975, Dole Company, in. Over West Molokai Volcano, the maximum mean
which had taken over the pineapple operations of Libby annual rainfall is about 25 in. Along the coastal areas of
McNeill, & Libby, ceased operations (The Honolulu  southern and western Molokai, mean annual rainfall is
Advertiser, August 9, 1975, p. Al). Del Monte Corpo- less than 16 in. For comparison, mean annual rainfall
ration (formerly California Packing Corporation) over the open ocean is estimated to be between 21.7 in.
closed its operations at the end of 1988 (The Honolultand 27.6 in. (Elliot and Reed, 1984; Dorman and
Advertiser, May 8, 1987, p. Al). Bourke, 1979).

Climate

A large-scale sugarcane operation was unsucces
fully attempted in 1898 by the American Sugar Com-
pany. Sugarcane was planted on about 0%omihe

Rainfall
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The spatial distribution of rainfall on East Molokai (3) spatial and temporal changes of ground-water levels
Volcano is influenced by topography. Warm, moisture-and chloride concentrations.

laden air flowing over the ocean from th_e northeast is During the latter part of 1938, an electrical resistiv-
forced up the slopes of the East Molokai Volcano. Theyy o,rvey was completed to estimate the freshwater-
warm airis orographically lifted, cooled, and condensed,g s yhickness and water-table altitude in western and

resulting in cloud formation and precipitati_on. Giamj central Molokai (Swartz, 1939). From the results of the
belluca and others (198.6) hote th_at the rainfall maxi- resistivity survey, MacCarthy (1941) estimated that the
mum over East Mqloka| yOIcano IS not"as great as for, ater table was about 1 to 14 ft above sea level within
other peaks of similar altitude in Hawaii because the ¢ ¢, eyed area. Other geophysical studies on Molo-
mountain’s ridge I|ne_|s oriented roug_hly parallel to the' kai include gravity (Moore and Krivoy, 1965; Strange
northeasterly tradewinds. The summit of West Molokai and others, 1965) and magnetic (Malahoff and Wool-

Volcano is much lower than the summit of East Molo- |54 1 966) surveys which can be used to interpret the
kai Volcano and, as a result, western Molokai is consid-

) ) subsurface geology.
erably drier than eastern Molokai. J _ & _ _
Numerous investigators (Lindgren, 1903; Howell,

Annual rainfall at Kualapuu (rain gage 534, fig. 2) 1938; Stearns and Macdonald, 1947; Austin and

variid from ?‘bOUt 13 tok5?< in. during 1900_9? (fig. 3). stearns, 1954) suggested that water from the large
Farther south at Kaunakakai (rain gage 536, fig. 2) raing, o 1heastern Molokai streams could be diverted to other

fall is less and has varied from about 3 to 35 in. during areas, including the dry Hoolehua Plain. In 1962, the

1933-94 (fig. 3). Molokai Irrigation System tunnel (fig. 1) was com-
Evaporation pleted for the State to transport water from Waikolu

. i . .. Stream to the North Fork of Kaunakakai Gulch (Hira-

Published pan-evaporation records for Molokai areshima, 1963). A pipeline (fig. 1), also part of the Molo-

available for only two sites, both located in the Hoole- kai Irrigation System, transports the diverted surface
hua Plain. Mean annual pan evaporation at the two sites 9 y ’ p

ranges from 106.4 to 118.1 in. (Ekern and Chang, water and ground water to the central and western parts

1985). The high pan-evaporation rate on the dry, windy? 1€ island

uplands of central Molokai is attributed to the extreme

positive advection of heat from the dry surrounding HYDROGEOLOGY

areas (Ekern and Chang, 1985). Over the open ocean,

the computed evaporation rate is about 65 in/yr (Seckel,  The island of Molokai is formed primarily by the
1962). extrusive shield- and postshield-stage lavas of the older
West Molokai Volcano and the younger East Molokai
Volcano, and secondarily by rejuvenated-stage volcanic
rocks at Kalaupapa Peninsula (fig. 4) (Langenheim and

Lindgren (1903) made the first detailed field study Clague, 1987). The central saddle area between the two
of the geology and water resources of the island of volcanoes was formed by lava flows from East Molokai

Molokai. Lindgren (1903, p. 59) speculated that aboutVOICano banking up against and being deflected by the

24.5 Mgal/d of ground water could be developed fromweSt Molokai Volcano. Intrusive volcanic rocks in the

wells along the southern coast of the island. Stearns anfP"™ ©f dikes associated with rift zones and volcanic
Macdonald (1947) provided a comprehensive and vents exist on both West and East Molokai. Coastal

refined description of the geohydrologic framework of deposits consisting of sediments and limestone reefs are

Molokai and compiled available ground-water and surfound along the southern coast.

face-water data. An inventory of the water resources of

Molokai and sqstainable yield estimates for the island gyirysive Volcanic Rocks

are presented in a water-supply plan for CWRM (State

of Hawaii, 1990). Anthony (1995) evaluated available Geology

ground-water data on Molokai by examining (1) well- ) . . .

construction and aquifer-test information, (2) historic Extrusive volcanic rocks consist mainly of lava
distribution and rates of ground-water withdrawals, andflows that effused from fissures and vents. Lava flows

Previous Investigations
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Figure 3. Annual rainfall at Kualapuu and Kaunakaki rain gages, Molokai, Hawaii (Data from U.S.
Department of Commerce, National Climatic Data Center, and State of Hawaii, Commission on
Water Resources Management).
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associated with the flanks and rift zones of the West andhn altitude of 250 ft in the east bank of Waiahewahewa
East Molokai Volcanoes form the bulk of the island. Gulch (fig. 1). At this site, East and West Molokai Vol-
Extrusive volcanic rocks also include pyroclastic mate-canics are separated by 3 ft of soil and 6 ft of spheroi-
rial, such as ash, cinder, and tuff, which probably form dally weathered basalt, with the West Molokai

less than 1 percent of the mass of a Hawaiian volcand/olcanics at the bottom of the sequence. The sequence
(Wentworth and Macdonald, 1953). indicates that West Molokai Volcanics are older than

Most lava flows emerge from fissures as pahoehoe!EaSt Molokai Volcanics at the site of the exposed

characterized by smooth, ropy surfaces, and can chandéconformity.

to aa as they advance downslope. Pahoehoe flows dom- Kalaupapa Volcanics include the rejuvenated-
inate near the rift zones of volcanoes, whereas aa flowstage alkalic basalt and basanite that forms Kalaupapa
dominate farther down the flanks. Aa flows contain  Peninsula (Langenheim and Clague, 1987). Age of the
massive central cores typically sandwiched between Kalaupapa Volcanics is estimated to be between 0.35
rubbly clinker layers. and 0.57 Ma (Clague and others, 1982).

West Molokai is made up of shield-stage tholeiitic

basalt and postshield-stage hawaiite and alkalic basalt'ydraUIIC Conductivity

Collectively, the volcanic rocks of West Molokai Vol- Hydraulic conductivity or permeability is a mea-
cano are known as the West Molokai Volcanics (Lan- sure of the capacity of a rock to transmit water. No pub-
genheim and Clague, 1987). Potassium-argon lished estimates exist for the hydraulic conductivity of

determinations of West Molokai VVolcanics indicate andjke-free extrusive volcanic rocks on Molokai. How-
age of 1.52 to 1.90 Ma (million years) (Naughton and ever, the permeability of the subaerial, shield-building
others, 1980; McDougall, 1964). The lavas of the West|gvas that occur along the flanks of the volcanoes gen-
Molokai Volcano have typical dips of'2o 10°, except  erally is high (Stearns and Macdonald, 1947). The main
in the northeast part of the volcano where faulting haselements of lava flows contributing to the high perme-
occurred. ability are (1) clinker zones associated with aa flows,

East Molokai is made up of the East Molokai Vol- (2) voids along the contacts between flows, (3) cooling
canics and Kalaupapa Volcanics. The East Molokai joints normal to flow surfaces, and (4) lava tubes asso-
Volcanics are divided into two informal members. The ciated with pahoehoe flows.

lower member consists of shield-stage tholeiitic basalt, Weathering tends to reduce the permeability of the
olivine tholeiitic basalt, and picritic tholeiitic basalt, and y|canic rocks. The reduction of permeability may be
postshield-stage alkalic basalt. The upper member cogttributed to secondary mineralization which clogs the
sists of postshield-stage mugearite, with lesser amount@riginaﬂ open spaces, or clays and colloids that precipi-
of hawaiite and trachyte. The upper member of the Easfte from percolating water (Mink and Lau, 1980). An
Molokai Volcqnics forms a relatively thin veneer, about injection test conducted in weathered basalt on Oahu
50 to 500 ft thick, over the lower member (Stearns andyjelded a hydraulic conductivity of 0.058 ft/d (feet per
Macdonald, 1947). Potassium-argon determinations Oﬁay) (R.M. Towill Corporation, 1978). On the basis of
East Molokai Volcanics indicate an age of 1.52 to 1-76Iaboratory permeameter tests on core samples, Went-
Ma for the lower member and 1.35 to 1.49 Ma for the \yorth (1938) estimated the hydraulic conductivity of
upper member (Langenheim and Clague, 1987). Lavageathered basalt to be between 0.083 and 0.128 ft/d.
of the East Molokai Volcano have dips 6ft8 15, \jjler (1987) used the water-retention characteristics of
except on the north coast between Waikolu and Wailayqre samples collected in central Oahu to estimate the
Streams, where dips aré® 25’ southward (Steams  q41rated hydraulic conductivity of saprolite and found
and Macdonald, 1947), and within the central saddle of, 5)yes ranging from 0.0028 to 283 ft/d. The wide range
the Hoolehua Plain, where dips are frofitd 3’ of hydraulic-conductivity values estimated by Miller
(Stearns and Macdonald, 1947, p. 13). (1987) was attributed to the variability in macroporosity
On the basis of the potassium-argon age dates, themong samples.
West and East Molokai Volcanoes appear to have been  1ha z0ne of weathered West Molokai Volcanics

formed penecontemporaneously. Stearns and Mac- 5 sl located beneath the contact of the West and
donald (1947) note, however, that an erosional uncong st Molokai Volcanics likely impedes ground-water

formity, which dips about 10to the east, is exposed at o\ hetween East and West Molokai. In this report the



zone is referred to as the West Molokai confining unit. dikes exposed near the southern coast may be evidence
No data are available to determine whether this unit isof a third rift zone associated with West Molokai Vol-
truly an effective barrier to ground-water flow. How- cano. There is no surface evidence of a summit caldera
ever, on the basis of information from Oahu on weath-on West Molokai Volcano (Langenheim and Clague,
ered volcanic rocks and a similar geohydrologic barrier1987).

(Oki, 1997), the hydraulic conductivity of the West

The primary rift zones of the East Molokai Vol-
Molokai confining unit is probably of the order of 1 ft/d. primary rit z :

cano trend northwest and east, emanating from a central
caldera complex (fig. 4). Macdonald (1956) suggests
that there also may be a southern rift zone emanating
Geology from the caldera. Furthermore, on the basis of a mag-
_ _ _ netic survey, Malahoff and Woollard (1966) suggest
Intrusive volcanic rocks include those rocks, such it there may be a southwest rift zone emanating from

as dikes, that formed when magma cooled below the ¢ caldera complex. The northwest and east rift zones
ground surface. Dikes associated with the rift zones of, e marked by numerous vertical to nearly vertical

the West and East Molokai VVolcanoes are the dominanfntrusive dikes (Stearns and Macdonald, 1947). The

intrusive rocks on Molokai, and are most abundant  .5|dera complex of East Molokai Volcano is exposed in
within t_he centrgl area of the rn_‘t zones. The locations pgajekunu and Wailau Stream valleys, and is composed
and strikes of dikes on Molokai were mapped by of stocks, plugs, crater fills, ponded lavas, and talus and
Stearns and Macdonald (1947) (fig. 4). fault breccias cut by dike swarms (Stearns and Mac-

The West and East Molokai Volcanoes each havelonald, 1947). Much of the caldera complex is covered
two primary rift zones (fig. 4) (Stearns and Macdonald, with older alluvium. The rocks of the caldera complex
1947; Moore and Krivoy, 1965; Langenheim and contain calcite, quartz, and secondary minerals depos-
Clague, 1987). These rift zones are marked by cinderited by hydrothermal action (Stearns and Macdonald,
and spatter cones and by subvertical and nearly parallél947, p. 19). Langenheim and Clague (1987) show the
dikes. The dikes and the rocks they intrude are collec-generalized location of the caldera complex of East
tively referred to as dike complexes. Within the central Molokai Volcano (fig. 4).

part of a dike complex, the dike rocks typically com- Stearns and Macdonald (1947) mapped numerous
pose 10 percent or more of the total rock volume. At they et features, including cinder and spatter cones, along
outer part of the dike complex, within the marginal dike e \yestern and southern flanks of the East Molokai
zone, dikes usually constitute less than 5 percent of thg/gcang (fig. 4). Additional vent features associated
total rock volume (Takasaki and Mink, 1985). Went- it the lower member of the East Molokai Volcano are
worth and Macdqnald (1953) estlmated that 200 d'kfesprobably hidden by younger flows. Many of these fea-
are needed to build 1,000 ft of a shield volcano. The rifty ,-as qo not appear to lie along the trends of the two pri-

zones are hydrologically important because dikes have, .y rift zones of the volcano, which may indicate that
low permeability and tend to impound ground-water t0 (1y 3 marginal dike zone exists or (2) more than two pri-
high altitudes within inter-dike compartments. mary rift zones exist.

Intrusive Volcanic Rocks

The primary rift zones of the West Molokai Vol- ) o
cano trend roughly northwest and southwest (fig. 4) inHydraulic Conductivity
the direction of broad ridges that extend from nearthe | general, the average hydraulic conductivity of a

summit of the volcano. The northwest rift zone is rift zone decreases as the number of dike intrusions
marked by numerous dikes exposed by erosion alongithin the rift zone increases. In addition, hydraulic
the northern coast. The southwest rift zone is marked b¥:onductivity is expected to be higher in a direction

several southwest-trending dikes near the summit 554 the strike of the dikes rather than perpendicular to
region. In addition, a positive gravity anomaly that e gtrike. Although the geometry and the local-scale
extends from near the summit region through Laau  qrqjogic effects of the feeder dikes associated with
Point at the southwester tip of the island (Moore andthe scattered vent features of East Molokai Volcano are

Krivoy, 1965; Strange and others, 1965) (fig. 5) sug- rg)t known, these feeder dikes must intrude the aquifer

gests the presence (.)f dense, intrusive dikes assoc@atet some extent and probably lower the overall perme-
with the southwest rift zone. A few southeast-trendlngability of the aquifer

10
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On the basis of a numerical model analysis, Meyersamples from Oahu to range from about 0.01 ft/d to 1.0
and Souza (1995) suggest that the average, effective ft/d. Data from Oahu indicate that the hydraulic conduc-
hydraulic conductivity of a dike complex ranges from tivity of imestone units may range from 2 to 30,000 ft/d
about 0.01 to 0.1 ft/d. These values reflect the influencgCamp Dresser and McKee, 1993).
of both the intrusive dikes as well as the extrusive lava
between dikes. The hydraulic conductivity of the intru-
sive dike material was estimated to range from &  Faults
102 ft/d (Meyer and Souza, 1995). An aquifer test was
conducted in 1961 in the dike complex near Waikolu
Stream valley and later analyzed by Williams and

The northeast side of West Molokai Volcano is ter-
minated in a set of fault scarps, 100 to 500 ft high

Soroos (1973), who estimated aquifer transmissivity (St¢arns and Macdonald, 1947). The downthrown part

(the product of hydraulic conductivity and effective of the volcano is generally to the northeast, and lies

aquifer thickness) to be between .60*and 3.4x 10° under the Hoolehua Plain, buried by lavas from the East
ft2/d ' ' Molokai Volcano. The northern part of East Molokai

Volcano was removed by the Wailau debris avalanche
(Moore and others, 1989). The fault scarp associated
Coastal Deposits with this avalanche has been modified by wave erosion
to the present sea cliff of northern Molokai. In north-
Along southern Molokai, a coral reef extends from eastern Molokai, faults are numerous near the mouth of
the coast to about 1 mi offshore, and limestone has als®elekunu Stream valley and in the cliffs bounding
been described in a geologic log from a well near the Haupu Bay (Stearns and Macdonald, 1947). No data
southern coast of the island (Lindgren, 1903). In addi-exist to evaluate the hydrologic effects of the faults on
tion, along the southern shore of East Molokai Volcanoground-water flow.
and the Hoolehua Plain, an apron of alluvium has
formed by deposition of eroded soil. Neither geologic
logs nor geophysical survey data are available to defindlYDROLOGY
the thickness of the coastal deposits off the southern o
coast of Molokai. However, coastal-deposit thickness Precipitation is the source of all freshwater on
can be estimated as the difference in altitude betweerMolokai. The precipitation either (1) runs off, (2) evap-
the offshore-projected surface of the volcano, obtained?ra(es or is transpired by vegetation, or (3) recharges the
using slopes corresponding to measured dips of the laydround-water system. Water that recharges the ground-
flows, and the measured bathymetry (see for example/Vater system flows from zones of higher to lower
National Oceanic and Atmospheric Administration, hydragllc _head, as measured by water Ie_vels. Ground
1989 and 1993). Along the southern coast, lava flows Water is either withdrawn from wells or d|scharges to
dip about 10 on East Molokai Volcano and4n West streams, the ocean, or other surface-water bodies.
Molokai Volcano. Off the northern coast of Molokai,
only a thin veneer of recent sediments exists (Mathewsound-water Recharge
son, 1970).

Data do not exist to estimate the hydraulic conduc- ~ Ground-water recharge on Molokai was estimated
tivity of the coastal deposits of southern Molokai. These!© P& 144 Mgal/d on the basis of an annual water budget
coastal deposits are similar to some of those found or{State of Hawaii, 1990). Shade (in press) estimated that

Oahu. Coastal deposits and underlying weathered vol9round-water recharge was 188.6 Mgal/d for natural
canic rocks impede the seaward discharge of freshwatef€9etation conditions. This represents an average of
on Oahu (Souza and Voss, 1987) and probably also dapout 15in/yroverthe |s!a_nd. However, recha_rge varies
on southern Molokai. The permeability of the interbed-3réatly areally from a minimum of near zero infyr in

ded coastal deposits may vary widely, from |0W_perme_vvestern Molokai to a maximum of about 100 in/yr in

ability compacted alluvium to cavernous limestone ~ NOrtheastern Molokai. The estimate of 188.6 Mgal/d
deposits. Wentworth (1938) estimated the hydraulic (Shade, in press) represents the average of two different

conductivity of alluvium and weathered alluvium core Monthly water-budget computation methods. The two
computation methods differ by the order in which

12



recharge and evapotranspiration are taken into accourround-Water Withdrawals

in the water budget. Each water-budget computation

method produced a recharge estimate that differed from  Most of the ground-water withdrawn on Molokai
the average value by about 25 percent. is from wells in the Kualapuu area, the south shore of
: : eastern Molokai, and the dike complex in northeastern
mpared to natural vegetation, pin I n L !

Compared to natural vegetation, pineapple ca lokai (fig. 8). The reported annual mean pumpage

increase recharge to an area because evapotranspirati g =
from unirrigated pineapple is less than evapotranspira-or Molokai during 1996 was 4.336 Mgal/d (computed

tion from natural vegetation. On the basis of lysimeterToM data supplied by Neal Fujii, CWRM, written com-
measurements, Ekern (1965) estimated that pineappl&un-» 1997).
evapotranspiration at full canopy is only 20 percent of  Five production wells (0801-01 to -03, 0901-01,
pan evaporation. Giambelluca (1983) used this infor- ang 0902-01) have been drilled in the Kualapuu area for
mation to estimate that pineapple cultivation increasedther irrigation or domestic use (fig. 8). Wells 0902-01
_recharge by 15.89 in/yr over thaf[ of natural vegetation,, 0901-01, drilled in 1946 and 1950, respectively,
in southern Oahu during the period from 1946 throughyere originally used to irrigate pineapple fields in the
1975. Hoolehua Plain area. Well 0902-01 was abandoned in
The areas of pineapple cultivation during the 1964 when water from the Molokai Irrigation System
period 1954-61, which represents the middle of the became available. Since 1976, water from well 0901-01
pineapple-cultivation period on Molokai, were in cen- has been used for domestic and irrigation purposes in
tral and western Molokai (fig. 6). The period 1954-61 western Molokai. Prior to the completion of the Molo-
is used to develop the ground-water model in the sectiokaj Irrigation System tunnel, combined withdrawals
of this report titled “Development of Ground-Water  from wells 0901-01 and 0902-01 varied seasonally from
Flow Model.” During this period, some of the pineapple near zero to about 1.0 Mgal/d (fig. 9). DHHL wells
fields in the Kualapuu area were irrigated with groundgo1-01 and 0801-02 (fig. 8) were drilled in 1948 and

water from wells 0901-01 and 0902-01 (fig. 6) or sur- 1979 respectively, and Maui County well 0801-03 was
face water from DHHL or Molokai Ranch sources. Dur- yyijled in 1987. Monthly mean withdrawal rates from

ing peak months, irrigation totalled about 0.8 Mgal/d |\ a(is 0801-01 to -03 have remained below 1 Mgal/d
(fig. 7). Pineapple fields on Hawaiian Homes Commis%

) o . fig. 9). During 1996, annual mean withdrawal from the
sion lands were assumed to be unirrigated (Austin an our active wells in the Kualapuu area was 2.029
Stearns, 1954). In addition, pineapple fields in WeStemMgaI/d
Molokai near Maunaloa town were generally unirri- '
gated (Baker, 1960; State of Hawaii, 1966, p. 31). Along the south shore of eastern Molokai, ground-

The two monthly water-budget methods describedVater withdrawals are mainly from two Maui-type
by Shade (in press) were modified and used to estimat#ells (consisting of a shaft excavated to or below the
the effects of pineapple cultivation on recharge duringwater table, and one or more infiltration tunnels extend-
1954-61. For a pineapple plant root depth of 12 in.  ing outward from the shaft); one near Kawela (0457-01)
(Giambelluca, 1983), and assuming that none of the irricompleted in 1921, and the other near Ualapue (0449-
gation water runs off, average annual recharge in area81) completed in 1936 (fig. 8). During 1996, annual
of pineapple cultivation for 1954-61 was estimated to mean withdrawals from wells 0457-01 and 0449-01
be 17.4 Mgal/d, and for the entire island 201.3 Mgal/d. \vere 0.398 and 0.204 Mgal/d, respectively. Total unre-
These recharge estimates represent the average of thgorted withdrawals from several other drilled wells and

two monthly water-budget computation methods. For n,merous shallow dug wells along the southern coast of
the areas previously occupied by pineapple fields (f'g'MoIokai are probably small
6), the recharge for natural vegetation conditions was '

estimated to be 4.7 Mgal/d (Shade, in press), whichis ~ Three production wells (0855-01 to -03) (fig. 8)
12.7 Mgal/d less than the estimate for pineapple. Giamdrilled in 1961 withdraw water from the dike complex
belluca and others (1996) suggest that the uncertainty im northeastern Molokai. Water from these wells enters
daily water-budget recharge estimates for pineapple the Molokai Irrigation System. Monthly mean com-
cover, because of uncertainty in the water-budget conined withdrawal from these three wells is about 1
ponents, such as rainfall, evapotranspiration, or runoffMgal/d (fig. 9). During 1996, annual mean combined
is 58 percent of the mean value. withdrawal was 1.438 Mgal/d.

13
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MONTHLY MEAN WATER USE,
IN MILLION GALLONS PER DAY
|

1954 1955 1956 1957 1958 1959 1960 1961

Figure 7. Monthly mean water use for pineapple irrigation in the Kualapuu area, 1954—61, Molokai, Hawaii.

Because parts of the Molokai Irrigation System consists of direct runoff of rainfall and baseflow. The
tunnel are below the water table, ground water dis- latter is presumed to represent ground-water discharge.
charges directly into the tunnel by gravity. During peri-
ods in which the tunnel was not used to convey water
from wells 0855-01 to -03 to west or central Molokai,
direct discharge of ground water to the tunnel was 1.82
Mgal/d.

To estimate the baseflow component of stream-
flow, a computerized baseflow separation method,
émown as the BFI program (Wahl and Wahl, 1995), was

used. Two parameters, N (number of days) and f (turn-
ing point test factor) must be assigned values in the
model. The model divides the daily streamflow record
Streamflow into nonoverlapping N-day periods and determines the
minimum flow within each N-day window. If the mini-

Streams on Molokai have steep gradients in the mum flow within a given N-day window is less than f
mountainous, high-rainfall regions and flat gradients times the adjacent minimums, then the central window
near the coast. No perennial streams exist in western minimum is made a turning point on the baseflow
Molokai or the central Hoolehua Plain. In general, hydrograph. Wahl and Wahl (1995) recommend a value
streams in the windward, northeastern valleys of Molo-of 0.9 for the turning point test factor for most applica-
kai are perennial throughout most of their lengths. Mosttions.
streams that drain to the southern coast of East Molokai  1he sum of the estimated average annual baseflow

Volcano are perennial only in the upper reaches wherg, ihe gaged streams is 38.8 Mgal/d (table 1), which rep-
rainfall is persistent or where water is drained from  oqents only a part of the total baseflow on Molokai. The
marsh areas or springs. These streams are generally (o1 js unknown because not all streams are gaged at
perennial only where they flow over lavas of the Upper iheir mouths. At station 16408000, Waikolu Stream,
member of the East Molokai Volcanics. Where streamsy |y data prior to 1961 were used because of diversions
flow over the more permeable lavas of the lower memxsar November 1960. Baseflow at gaging station
ber, surface water is more readily lost to infiltration 15403900 was notincluded in the 38.8 Mgal/d baseflow
(Stearns and Macdonald, 1947, p. 47). estimate because flow measured at this gaging station is
Daily streamflow records are available at nine  included in the baseflow estimate at downstream station
stream-gaging stations on streams in the windward, 16404000.
northeastern valleys of Molokai (fig. 10). Streamflow
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PUMPAGE, IN MILLION GALLONS PER DAY
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Figure 9. Monthly or annual mean pumpage from selected wells, Molokai, Hawaii.
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Figure 9. Monthly or annual mean pumpage from selected wells, Molokai, Hawaii--Continued.
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Table 1. Estimated baseflow for northeastern Molokai streams, Hawaii
[BFI, base flow index program (Wahl and Wahl, 1995); Mgal/d, million gallons per day; --, no data]

Average 1954-61
Average baseflow, model-
baseflow entire  calcula-
Complete years of BFI BFI Average for 1954- period of ted
record used in BFI ~ parameter parameter streamflow 61 data record baseflow
Station Station name program (N) 0] (Mgal/d) (Mgal/d) (Mgal/d) (Mgal/d)
16400000 Halawa Stream near Halawa 1919, 1922-32,1939-4 0.9 19.5 5.7 5.2 0
96
16401000 Papalaua Stream near Pukoo 1922-29 3 0.9 13.8 -- 4.1 2.3
16402000 Pulena Stream near Wailau 1921-28, 1939-57 5 0.9 22.2 8.4 8.9 11.2
16403000 Waiakeakua Stream near Wailau  1921-29, 1939-57 5 0.9 7.5 3.5 3.8 2.8
16403900 Kawainui Stream near Pelekunu  1970-80, 1996 5 0.9 5.1 - 2.2 1.9
16404000 Pelekunu Stream near Pelekunu 1921-29,1939-47, 5 0.9 10.6 5.0 4.6 4.6
1950-57, 1973-82
16404200 Pilipililau Stream near Pelekunu  1970-96 3 0.9 1.0 -- 0.7 0.8
16405000 Lanipuni Stream near Pelekunu  1921-29, 1939-57 4 0.9 9.1 4.0 4.3 2.8
16408000 Waikolu Stream below pipeline 1922-30,1939-48, 3 0.9 12.3 7.5 7.2 7.3
crossing near Kalaupapa 1950-60

wells 0855-01 to -03 were about 900 ft above sea level
in 1961. At the northern margin of the dike complex,

Ground-water flow rates and directions are diffi- near Kalaupapa Peninsula, the water level at well 1058-
cult to measure directly, and are usually inferred from 01 was reported to be 9 ft above sea level.
water-levels. Ground-water levels also are an indicator The 9-ft water level at well 1058-01 probably rep-
of changes in recharge or withdrawals from the ground-

water svstem. and can be an indicatoroffreshwater—lenresems an upper limit for the water-table altitude in the
thickne)és ' dike-free Kalaupapa Volcanics. Results from an electri-

cal resistivity survey indicated that the lens in the
Kalaupapa Volcanics was thin (Takasaki, 1986).

Ground-Water Levels

Spatial Distribution

In the West Molokai Volcanics, the water level at

Measured water levels are available primarily at
: ._well 1011-01 was reported by Stearns and Macdonald
wells along the southern coast and in the central plaln(1947’ 0. 61) to be 5.6 ft above sea level in 1946.

area (figs. 11 and 12, table 2). In the vicinity of Kua-
lapuu, water levels are generally about 10to 12 ftabove  The general distribution of water levels on Molo-
sea level. Along the south shore, water levels are genekai, from measurements taken over a period of about 58
ally 1 to 3 ft above sea level between Umipaa and  years, is shown in figure 11. A detailed contour map of
Kawela, and 4 to 5 ft above sea level between Kamalavater levels for the entire island cannot be drawn on the
and Mapulehu. Anthony (1995) has attributed the basis of existing well data. MacCarthy (1941) used elec-
higher water levels between Kamalo and Mapulehu totrical resistivity measurements in conjunction with the
(1) a shorter ground-water flow path between the cresGhyben-Herzberg principle to estimate the altitude of
of the mountains and the coast, (2) a greater ground- the water table in western Molokai (fig. 11). MacCarthy
water flow rate, or (3) a greater thickness of low perme{1941) estimated that the water-table altitude in western
ability sedimentary deposits near the coast relative to Molokai ranges from about 1 to 14 ft above sea level.
the area between Umipaa and Kawela. In addition, it is o

possible that the overall permeability of the volcanic Temporal Variation

rocks may be lower in the area between Kamalo and At many wells, only single water-level measure-

Mapulehu relative to the area between Umipaa and ments are available (table 2), and the reference datums
Kawela. used for some of these wells are questionable. At 12

Within the northwest rift zone of the East Molokai wells, water-level measurements are available for a
Volcano near Waikolu Stream valley, water levels at period of atleast 7 years. Water-level hydrographs orig-
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WATER LEVEL, IN FEET ABOVE MEAN SEA LEVEL
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Figure 12. Water levels from selected wells, Molokai, Hawaii (data points not connected for data gaps
exceeding one year).
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Figure 12. Water levels from selected wells, Molokai, Hawaii (data points not connected for data gaps

exceeding one year)--Continued.



inally presented by Anthony (1995) were updated for water has averaged about 25 mg/L with a seasonal vari-
this study to reflect data collected since 1992 (fig. 12).ation of about 20 mg/L. This decrease in average and
The collective time period covered by the hydrographsseasonal variation of chloride concentration has been
is from 1938 to 1995. The seasonal and interannual attributed by Anthony (1995) to: (1) a change in the
variations in water levels appear to be less than a foot atlepth from which water samples were collected in the
most wells. In general, the hydrographs show no long-10-ft water column, (2) the discontinued use of a nearby

term trends in water levels. At well 0601-01, for pumped well, (3) the periodic discharge of water from
instance, water levels have remained relatively steadythe west portal of the Molokai Irrigation tunnel into
over a period of more than 40 years since 1954. Kaunakakai Gulch since the early 1960’s, or (4)

At well 0449-01, water levels appear to drop about €12nges in rainfall (Anthony, 1995, p. 24). Maui-type
2 ft between 1963 and 1972. This drop most likely wells 0449-01 and 0457-01 are also located along the

reflects a change in datum rather than a change in Wate":fomh slﬂorehcif e_gstern MOIOk"?"' Al t]zort]h of thesz Maui-
level. Although the absolute water levels at this well arelyP€ wells, chloride concentrations of the pumped water

uncertain, the data do not indicate any long-term trengd1ave remained below 200 mg/L.

The hydrographs for wells 0901-01 and 0902-01, The chloride concentration of water from wells in

both in the Kualapuu area, show relatively large varia-N€ Kualapuu area, where water levels are 10 to 12 ft
above sea level, has generally been below 200 mg/L

tions in water levels from one measurement to the next: I 2 i he chlorid
These large variations could be caused by pumping bu*xcepPt at well 0902-01. During 1950-61, the chloride

[ [ ' ' tration of water withdrawn from well 0902-01
are most likely associated with the inaccuracy of the ¢ON¢eN
pressure measurements made with an air-line device."@nged from 252 to 430 mg/L. In 1995, wells 0801-01,
Despite this, the water levels at wells 0901-01 and 0801-02,0801-03, and 0901-01 in the Kualapuu area all
0902-01 do not indicate a trend produced water with a chloride concentration less than
' 200 mg/L.

Chloride Concentration
Ground-Water Flow System

Chloride concentration is generally used as an
indicator of saltwater intrusion into the ground-water

system. Long-term records of chloride concentrations rkam\f/alll occurs odver: mHuchloLMolg:(a_u. C?]verWest Molo- g
are available for six pumped wells and three observa-<& Volcano and the Hoolehua Plain, however, ground-

tions wells (fig. 13) (Anthony, 1995). Chioride concen- Water.recharge rates are low because of the low rainfall
trations in water samples are generally less than 750 and high ‘?Vapora“on rates. The'area of greatest _
mg/L in all of the nine wells, and less than 150 mg/L in "€charge lies near the topographic peak of East Molokal
six of the wells. For comparison, the chloride concen- ¥0!cano, where rainfall is greatest.

tration of rainfall is typically less than 20 mg/L (Swain, Fresh ground water on Molokai occurs in two main
1973). Although chloride concentrations at wells can forms: (1) asimpounded high-level ground water within
change in response to changes in withdrawals and  volcanic rift zones, and (2) as a freshwater lens floating
recharge, existing data do not indicate a significant on denser, underlying saltwater. Stearns and Macdonald
long-term change in chloride concentration. (1947) also suggest that perched water exists on Molo-

Observation wells 0601-01 and 0603-01 are kal.
located along the south shore of _eastern Molok_ai. At High-Level Ground Water
well 0603-01 near Umipaa, chloride concentration has
ranged from 260 to 750 mg/L during 1967-77. At well Within the rift zones of the East Molokai Volcano,
0601-01 near Kaunakakai, the temporal pattern of chlofresh ground-water is impounded to high levels in the
ride concentration shows a distinct change starting in volcanic rocks between low-permeability dikes. In the
1966 (fig. 13). During 1954—66, the chloride concentra-valleys of northeast Molokai, the presence of springs
tion of sampled water at well 0601-01 averaged 93 indicates that ground-water in the dike complex is prob-
mg/L, with a seasonal variation of about 100 mg/L.  ably impounded to altitudes greater than 2,000 ft above
Since 1966, the chloride concentration of sampled  sea level (Stearns and Macdonald, 1947, p. 75). The

Ground-water recharge by direct infiltration of
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CHLORIDE CONCENTRATION, IN MILLIGRAMS PER LITER
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Figure 13. Chloride concentrations of ground water from selected wells, Molokai, Hawaii (data points not
connected for data gaps exceeding one year).
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Figure 13. Chloride concentrations of ground water from selected wells, Molokai, Hawaii (data points not
connected for data gaps exceeding one year)--Continued.
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abundance of dikes increases with depth, which reduces  Ground-water discharges naturally from the aqui-
the overall permeability of the dike complex with depth. fer at onshore springs and seeps in deeply incised val-
No data exist to evaluate the depth to which rocks areleys and subaerial and submarine coastal springs and
saturated with freshwater in the central part of the rift seeps. In northeastern Molokai, springs typically occur

zone. where stream erosion has cut through dike compart-
ments below the level of the water table. Ground-water
Freshwater Lens discharge at these springs contributes to the baseflow of

Within the flank lava flows of the island, a lens of streams. Along the southern coast, fishponds have been

: created in shallow coastal waters by constructing rock-
freshwater floats on denser, underlying saltwater. The . :
: : wall enclosures extending from the shoreline. Because
source of freshwater in the lens is ground-water

h ¢ 1 dient high-level d-wat freshwater discharge to the ponds is necessary for
recharge from ( ) upgradienthigh-'evel ground-water growth of plants on which fish feed, the ponds may be
areas, (2) infiltration of rainfall, and (3) irrigation water.

i evidence of the existence of springs (Stearns and Mac-
Fresh ground water flows from inland recharge areas Qonald 1947)

coastal discharge areas. A saltwater-circulation system

exists beneath the lens (Souza and Voss, 1987). Saltwa- Ground water on Molokai is unconfined in the
ter flows landward in the deeper parts of the aquifer, inland areas. Along the southern coast, ground water

rises, and then mixes with seaward-flowing freshwater. &Y be confined by sedimentary deposits that impede

This mixing creates a freshwater-saltwater transition 1€ Seaward discharge of fresh ground water. A mea-
sone. sured seismic velocity discontinuity at an altitude of

about -6,000 ft measured in southwestern Oahu may

For hydrostatic conditions, the thickness of a freshcoincide with a reduction in permeability of the volca-
water lens can be estimated by the Ghyben-Herzbergnic rocks (Furumoto and others, 1970). Kauahikaua
principle. If the specific gravities of freshwater and salt-(1993) also suggests that a reduction in porosity on the
water are assumed to be 1.000 and 1.025, respectivelysland of Hawaii may occur near an altitude of -6,000 ft.
then the Ghyben-Herzberg principle predicts that everyalthough the base of the aquifer on Molokai is
foot of freshwater above sea level must be balanced byinknown, it may also extend down to an altitude near
40 ft of freshwater below sea level. For dynamic condi--6,000 ft. Freshwater probably occurs in only the upper

tions, the Ghyben-Herzberg principle tends to underegyart of the aquifer, and in only a small fraction of the
timate freshwater-lens thickness near the discharge total thickness of the aquifer.

zone and overestimate lens thickness near the recharge
zone.
The thickness of a freshwater lens increases WithDEVELOPMENT OF GROUND-WATER

(1) increasing rates of ground-water recharge, (2) FLOW MODEL
decreasing rates of withdrawal, and (3) decreasing aqui- A two-dimensional, areal ground-water flow

fer permeability. Where a coastal confining unit exists, ) o ) .
water levels are higher and the thickness of afreshwate'F1Ode| using a modified version (see appendix A) of the

lens is expected to be greater than it would be in the gom?uter dctode' AQIU,[IFE,[M'EAL-{ EVOSS’ 15384) ;Nail
absence of a confining unit. eveloped to simulate steady-state ground-water flow

on Molokai. AQUIFEM-SALT is a finite-element code
Regional Flow that simulates flow of confined or unconfined fresh
ground water in systems which may have a freshwater
Regional ground-water flow directions drawn on |ens floating on denser underlying saltwater.
the basis of water-level data, geophysical information, AQUIFEM-SALT treats freshwater and saltwater as
and topography, indicate that ground water flows fromjmmiscible fluids separated by a sharp interface. The
the mountainous interior areas to the coastal discharggepth of the interface is determined by the Ghyben-
areas (fig. 11). Ground water originating from eastern Herzperg relation. In reality, a diffuse transition zone
and western Molokai also flows toward the central  exists between the core of freshwater and the underly-
Hoolehua Plain, from where it flows to either the north-jng sajtwater. In this study, it is assumed that the posi-

ern or southern coast. tion of the surface of 50-percent seawater salinity is
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approximated by the sharp interface position. zones (fig. 14): (1) dike-free West Molokai Volcanics
AQUIFEM-SALT simulates the vertically averaged  (flank-flow volcanic rocks), (2) dike-free East Molokai
freshwater head in the aquifer and assumes that flow i&/olcanics (flank-flow volcanic rocks), (3) Kalaupapa
entirely horizontal and all wells fully penetrate the Volcanics, (4) West Molokai Volcanics confining unit,
freshwater lens. (5) West Molokai Volcanics dike complex, (6) East
Molokai Volcanics dike complex exclusive of the mar-

_ ginal dike zone, and (7) East Molokai Volcanics mar-
Model Construction ginal dike zone. The first three zones represent the dike-
free, flank-flow volcanic rocks. The West Molokai con-
fining-unit zone represents the zone, formed by weath-
ered volcanic rocks and soil, between West and East
Molokai Volcanics. Although the confining unit dips at
an angle of only 10it extends throughout the freshwa-
ter-lens thickness and likely impedes ground-water

A ground-water model for Molokai was developed
to simulate ground-water levels and discharge for the
period 1954—61. This period was selected for several
reasons: (1) annual rainfall, ground-water withdrawal
rates, and water levels do not vary significantly; (2)

water-level data were available for the Kualapuu area ) .
which represents the most important area for ground-ﬂow between the West and East Molokai Volcanics. In

water development; and (3) pineapple cultivation, this study, the West Molokai confining unit is repre-

which is the single largest human-induced stress on th&€Nted in the two-dimensional model as a barrier to hor-
ground-water flow system, existed during this period. Zontal flow with a zone of reduced hydraulic
The model accounts for spatially varying hydraulic conductivity. The West and East Molokai dike-complex

characteristics of the geologic materials, recharge, angones are modeled as zones of lower overall hydraulic
ground-water withdrawals. conductivity relative to the dike-free volcanic-aquifer

zones. A model zone was created for the assumed East
Molokai marginal dike zone, where numerous volcanic-
vent features exist. The hydraulic conductivity of the

The hydraulic characteristics were estimated from
available data and were modified by varying themin the
model to obtain acceptable agreement between mea- East Molokai marginal dike zone is presumed to lie
sured and model-calculated water levels and baseflo . ,

: . etween the values for the dike-free volcanic rocks and
discharges. However, the spatial coverage of long-term

measured water levels is less than what is consideredthe East MOIOkfm dike complex. The bottom of thg
model was assigned an altitude of -6,000 ft, relative to

adequate to calibrate a numerical ground-water flow dat ¢ level. t incide with
model. Long-term data were available at only six wells & 2610 datum ol mean Sea Ievel, {o coincide with an

to define average water levels during the period 19542ssumed aquifer bottom.
61. The data set was supplemented by including data
from all other wells in table 2 regardless of the period of
measurement. AQUIFEM-SALT supports three types of bound-
ary conditions: (1) specified head, (2) specified flow
Model Mesh (which includes no flow), and (3) head-dependent dis-
The finite-element mesh used in this study consistscharge. Specified-head boundary conditions were not
of 6,432 nodes and 6,251 square elements, 1,640 ft on'ésed for this study. The perimeter of the mesh is a no-
side, arranged in a rectangular array with 47 rows andlow boundary.
133 columns. The mesh is oriented with its short side in Freshwater discharges at the coast and at springs in
a north-south direction and has a geographic origin  northeastern Molokai valleys were modeled using a
(upper left-hand, or northwest corner) at longitude  head-dependent discharge boundary condition. Six dis-
157°2001"W and latitude 2114 39'N (fig. 14). The charge zones were defined (fig. 15): (1) southeastern
mesh covers the entire island of Molokai and extends aiolokai coast, (2) southwestern Molokai coast, (3)
least a mile offshore to include the entire zone where northern Molokai coast exclusive of Kalaupapa Penin-
fresh ground water discharges to the ocean. sula, (4) Kalaupapa Peninsula, (5) northeastern Molokai
streams in the dike complex within the caldera area, and
(6) northeastern Molokai streams in the dike complex

For modeling purposes, the island of Molokai was outside the caldera area.
divided into seven horizontal-hydraulic-conductivity

Boundary Conditions

Representation of the Physical System
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In the model, all elements not simulated as a headelement (see appendix A). For these offshore elements,
dependent discharge boundary are water-table ele- the freshwater equivalent head was computed from the
ments. Head-dependent discharge elements associateduation:
with streams are simulated as confined elements if the hg=-2/40 )
model-calculated head is above the base of the stream,
and as water-table elements otherwise. The base of thgharez is the altitude of the ocean floor (fig. 16).
stream within an element was estimated from the aver-

age stream-channel altitude (U.S. Geological Survey, For elements representing the springs in northeast-
1952) within that element. ern Molokai valleyshy was assigned a value corre-

_ sponding to the average altitude (U.S. Geological
Flow out of the model at head-dependent discharges ey, 1952) of the stream channel within the model

elements is assumed to be linearly related to the diffefsjement. Ground-water discharge was modeled at ele-
ence between the head in the aquifer and the head ovefients representing Waialeia, Waikolu, Waiohookalo,
lying the confining unit at the discharge site accordingy awainui, and Halawa Streams in the dike complex

to the equation: outside of the caldera area, and at model elements rep-
Q=(K'/B)A(h-hgp), (1) resenting Pelekunu, Wailau, and Kahawaiiki Streams in
the caldera area.
where:
Q s the rate of discharge within a model element Ground-Water Withdrawals
) [LS/T]’ ) ) o On the basis of available information, ground-
K* is the vertical hydraulic conductivity of the water withdrawals on Molokai during 1954—61 aver-

__confining unit overlying the aquifer [L/T],  aged 0.731 Mgal/d (table 3) from five wells. All of the
B’ is the thickness of the confining unit overlying renorted withdrawals are from wells either in the Kua-

~ the aquifer [L], o lapuu area or near the southern coast. Unreported with-
A s the area of the model element]jL drawals from wells not in table 3 are probably small and
h s the head in the aquifer [L], and are not represented in the model.

hy is the head above the confining unit [L].

The confining-unit vertical hydraulic conductivity Re€charge

divided by the confining-unit thickness forms a lumped Average annual recharge for 195461 was 201.3
parameter known as the leakance. For eastern, southefigal/d. The areal distribution of recharge used in the
and western Molokai, the confining-unit thickness was model is shown in figure 18. Total recharge used in the
estimated by noting the difference in altitude betweenmodel was 200.0 Mgal/d because discretization at the
the bathymetry (fig. 16) and offshore-projected surfaceg.oastline results in land area receiving 1.3 Mgal/d

of the West and East Molokai Volcanoes. The thicknessecharge being assigned to offshore elements. This loss
of the southern Molokai coastal deposits is estimated tqn recharge is less than 1 percent of the total value, and

vary from about 10 to 500 ft (fig. 17) on the basis of the js well within the range of uncertainty associated with
method described in the subsection “Coastal Deposits.the recharge estimates.

Because of the Wailau debris avalanche, no attempt was

made to estimate separate values for confining-unit

thickness and vertical hydraulic conductivity for north-Estimation of Hydraulic Characteristics

ern Molokai; instead, the lumped parameter, leakance,

was estimated by trial and error. For the stream ele- The sequence of steps used to estimate the hydrau-
ments, leakance was also estimated by trial and errorlic characteristics (table 4) are described below.

The headh,, overlying the confining unit above 1. The horizontal hydraulic conductivity for the West
onshore coastal-discharge elements is unknown butis ~ Molokai confining-unit zone was assigned a value
probably near mean sea level, and is assumed to be zero.  of 1 ft/d and was not changed in subsequent steps.
For offshore elementl, was assigned a value corre- 5 The horizontal hydraulic conductivity for the Kalau-
sponding to the freshwater equivalent head of the salt- papa Volcanics zone and leakance for the Kalau-
water column overlying the ocean floor within the papa Peninsula were adjusted in a trial-and-error
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Table 3. Pumping rates used in the ground-water flow model, Molokai, Hawaii

Average pumping rate
(million gallons per day)

Well no.
or tunnel Model node no. ! 1954-61 1992-96
0356-01 3976 0.000 0.0005
0449-01 5032 0.077 0.185
0456-04 3880 0.000 0.013
0456-06 3879 0.000 0.081
0456-08 3927 0.000 0.061
0456-09 3975 0.000 0.026
0457-01 3831 0.233 0.370
0457-04 3734 0.000 0.053
0501-04 3202 0.000 0.072
0501-06 3203 0.000 0.004
0601-01 3153 0.000 0.088
0603-01 2767 0.000 0.065
0705-05 2474 0.000 0.012
0801-01 3142 0.029 0.089
0801-02 3142 0.000 0.447
0801-03 3142 0.000 0.553
0855-01 4104 0.000 0.304
0855-02 4103 0.000 0.308
0855-03 4151 0.000 0.436
0901-01 3094 0.350 1.174
0902-01 2948 0.042 0.000
1058-01 3664 0.000 0.061
Molokai Irrigation System Tunnel 4008 0.000 0.911
Molokai Irrigation System Tunnel 4056 0.000 0.911
B ] - | S PRR 0.731 6.225

1 Finite element node number and element number can be determined from
the row and column number of the cell:

Node number (upper left or northwest corner of cell) = row * &&lumn- 1)
Node number (lower left or southwest corner of cell) = row ® 4&lumn-1) + 1
Node number (upper right or northeast corner of cell) = row »* @®lumn)

Node number (lower right or southeast corner of cell) = row * @&®lumn) + 1
Element number = row + 47 (column- 1)

Table 4. Final parameter values used in the Molokai ground-water flow model, Hawaii

Hydraulic conductivity
(feet per day)

Model zone

West Molokai dike-free aquifer 1,000
West Molokai dike complex 2
West Molokai confining unit 1
East Molokai dike-free aquifer 1,000
East Molokai marginal dike zone 100
East Molokai dike complex 0.02
Kalaupapa Volcanics 500

Coastal discharge zone

Northern Molokai leakance = 0.1 per day
Kalaupapa leakance = 0.1 per day
Southern Molokai, east of Kamalo 0.5
Southern Molokai, west of Kamalo 5

Stream discharge zone
Waialeia, Waikolu, Papalaua, Halawa leakance =1g3 per day
Waiohookalo, Pelekunu, Wailau, Kahawaiiki leakance =610° per day
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procedure to obtain a freshwater lens with a head
of a few feet above sea level in the Kalaupapa Vol-
canics zone. The values of horizontal hydraulic

conductivity and leakance obtained by this proce-

free West and East Molokai Volcanics, and East
Molokai marginal dike zone); (2) values of 0.05,
0.5, 1.0 and 5.0 ft/d for the vertical hydraulic con-
ductivity in a combined area consisting of the

southeastern and southwestern coastal discharge
zones; and (3) values of 0.0001, 0.001, 0.01, and
0.1 per day for the leakance of the northern coastal
discharge zone. Results of these simulations
(appendix B) indicate that a parsimonious model is
not capable of producing model-calculated water
levels in agreement with measured water levels in
all areas. However, information from these simu-
lations narrowed the ranges of hydraulic character-
istics for the various zones and was used in the
next and last step.

dure were 500 ft/d and 0.1 per day, respectively.
These values were not changed in subsequent
steps.

3. The horizontal hydraulic conductivity for the West
Molokai dike complex was estimated by trial and
error to obtain a maximum model-calculated head
of about 15 ft near the summit, to be consistent
with the results of MacCarthy’s (1941) resistivity
survey (fig. 11). The value obtained was 2 ft/d and
was not changed in subsequent steps.

4. The horizontal hydraulic conductivity for the East
Molokai dike complex and streambed leakances
for the northeastern Molokai streams within and
outside of the caldera area were adjusted by trial
and error to obtain: (1) model-calculated water
levels of about 1,000 ft above mean sea level in the
vicinity of wells 0855-01 to -03; (2) maximum
model-calculated water levels up to 2,000 ft and
possibly higher (Stearns and Macdonald, 1947,

p. 75) where springs exist; and (3) model-calcu-
lated discharge to streams in agreement with esti-
mated baseflow (table 1). The horizontal hydraulic
conductivity for the East Molokai dike complex
was estimated to be 0.02 ft/d and was not changed.
The estimated hydraulic-conductivity value for the
East Molokai dike complex is lower than the esti-
mated value for the West Molokai dike complex, nodel-Calculated Water Levels
which may be attributed to a greater number of
low-permeability dikes needed to build the higher The model-calculated water levels are in general
East Molokai Volcano. The leakance for streams agreement with the limited set of measured water levels
within and outside of the caldera area were esti- (figs. 19 and 20). Considering the five wells with
mated to be 6.% 10° per day and 1.2 10% per  acceptable long-term water-level records (fig. 12) (well
day, respectively, and were not changed. 0449-01 must be resurveyed and was therefore
excluded), the average, average-absolute, and root-
mean-square of the differences between measured and
model-calculated water levels were -0.077, 0.953, and
.965 ft, respectively. Considering water-level data
rom all available wells, with the exception of those in
the East Molokai dike complex and well 0449-01, the
three different hydraulic characteristics\4t x 4 average, average-absolute, and root-mean-square of the
- 64) were used: (1) values of 250: 500: 1,000: anoldlfferences were -0.201, 1.348, and 1.838 ft, respec-

2,000 ft/d for the horizontal hydraulic conductivity tively.
in a combined area consisting of three zones (dike-

6. A trial-and-error procedure was used to estimate the
final values of five hydraulic characteristics: (1) a
horizontal hydraulic conductivity of 1,000 ft/d in
the West and East Molokai Volcanics dike-free
zones [note that these two zones were combined
because data were insufficient to estimate indepen-
dent values for each zone], (2) a horizontal hydrau-
lic conductivity of 100 ft/d in the East Molokai
marginal dike zone, (3) a vertical hydraulic con-
ductivity of 0.5 ft/d in the southeastern coastal-dis-
charge zone, (4) a vertical hydraulic conductivity
of 5 ft/d in the southwestern coastal-discharge
zone, and (5) a leakance of 0.1 per day in the north-
ern coastal-discharge zone.

5. A set of 64 simulations was made to determine the
effects on water levels of the remaining hydraulic
characteristics not finalized up to this step. In this
set, zones were combined in an attempt to produc
a parsimonious representation of the system. Al
possible combinations of four values of each of
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Figure 19. Final model-calculated and measured water levels, 1954—-61, Molokai, Hawaii.

Model-Calculated Ground-Water Discharge EFFECTS OF PROPOSED WITHDRAWALS

About 54 percent of the total model-calculated The final hydraulic characteristics (table 4)
ground-water discharge is coastal discharge along easiescribed in the previous section were used in the model
ern, southern, and western Molokai, 17 percent is to simulate water levels and discharges for a 1990's
coastal discharge along northern Molokai, 29 percent idase-case scenario. This base case was used as a refer-
discharge to streams in northeastern valleys, and the ence for computing water-level drawdown and changes
remainder (0.35 percent) is ground-water withdrawal in ground-water discharges from three different pro-
from wells (table 5). posed withdrawal scenarios. In the three scenarios, the

Model-calculated ground-water discharge to model-calculated decrease in depth to the freshwater-

streams is in general agreement with estimated base-Saltwater interface is 40 times the model-calculated
flow at the gaging stations except at Halawa Stream drawdown.

(table 1). Although there is baseflow in Halawa Stream,

the model-calculated discharge to Halawa Stream is Simulation of Average Conditions in the 1990's

zero because the model-calculated heads near the

stream are below the stream bed. The cause of this dis- Long-term average recharge for natural vegetation

crepancy is unknown but two can be suggested: (1) thegnditions, estimated to be 188.6 Mgal/d (Shade, in

baseflow in the stream may be from an upstream marshy ess) and average 1992-96 ground-water withdrawal
(fig. 10) rather than ground-water discharge (Stearns (ates were used in the base-case scenario. In the model,

and Macdonald, 1947, p. 47), and (2) there may be locajy| recharge used was 187.3 Mgal/d because discreti-
low values of hydraulic conductivity and corresponding 2 ation at the coastline results in land area receiving 1.3

Iocgl high water levels, which are not represented in theMgan recharge being assigned to offshore elements
regional model. (fig. 21). Average reported withdrawal rates from wells
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during the period 1992-96 (table 3) were computed Table 5. Recharge used in the model and distribution of
from data provided by CWRM (Neal Fuijii, written com- model-calculated ground-water discharge, Molokai, Hawaii
mun., 1997). Average reported total pumpage from 1954-61 1992-96
wells during the period 1992-96 was 4.403 Mgal/d.  Recharge, in million gallons per day __ 200.0 187.3
Additional ground-water withdrawal from the Molokai

Irrigation System tunnel of about 1.822 Mgal/d was also Discharge, in million gallons per day

represented as pumping at two model nodes. Pumpage 0.7 6.2
High-level spring discharge 57.5 55.5
Model-calculated water levels for average 1992— Coastal discharge, northern Molokai 34.4 30.4
96 withdrawal rates (fig. 22) are lower than the model- Coastal discharge, southern Molokai ~ 107.3 95.2
calculated water levels from the 1954-61 simulation __Total discharge 199.9 1873

period (fig. 20): water levels are lower by about 0.1 ft
along the southern coast, and 1 to 5_ft near Kualapuu Simulation of the Hydrologic Effects of
and the central part of West Molokai. In eastern Molo-, | ... .

. . . . Additional Withdrawals
kai, water levels from the two simulations differ by less
than 0.01 ft. The general decrease in water levels can be

The ground-water flow model developed for this
attributed to a reduction of recharge associated with g P

i ¢ o | ltivat dani . study is the best available tool for qualitatively demon-
cessation of pinéapple cullivation, and an increase in strating the hydrologic effects of additional withdrawals

grorl:nd-watedr wnhd:jawals. quhtge pe?od 1954_0?_1’ hon ground-water levels and coastal discharge on Molo-
recharge and ground-water withdrawal rates used in thg ; "4 estimate the hydrologic effects, relative to the

model were 200.0 and 0.731 Mgal/d, respectively. I:0r1990’s base-case scenario, three additional scenarios

the 199_0}? dbase—lcase scengr'io, rr]echargel and grl%u?ng'were simulated. In scenarios 1 and 2, withdrawal rates
water withdrawal rates used in the model were 187.3 ¢ o 377 and 1.326 Mgal/d, respectively, were simu-

and 6.225 Mgal/d, respectlvely, which represents a N8hted from a proposed well located about 4 mi southeast
IO.S‘S of ground-yvater discharge of about 18 Mgal/d re"of Kualapuu and 3 mi north of Kamiloloa. In scenario 3,
ative to the period 1954-61. the 1992-96 average withdrawal rate of 0.826 Mgal/d at
Model-calculated flow directions for the 1990's  well 0901-01 near Kualapuu was increased by 1.174
base-case scenario indicate that ground water generallyigal/d to 2.000 Mgal/d. The wells with additional
flows from the mountainous, interior recharge areas tovithdrawals were sited in areas where model-calculated
coastal-discharge areas (fig. 23). Ground water flowingwater levels were in general agreement with measured
eastward from the West Molokai Volcano converges water levels. Wells with additional withdrawals were
with westward-flowing water from the East Molokai  not sited in areas lacking measured water levels because
Volcano in the central Hoolehua Plain area, where a of the uncertainty in model results in these areas.
ground-water divide separates flow to the northern and
southern coasts (fig. 23). The model-calculated ground=cenarios 1 and 2--Additional Withdrawal from the
water divide separating flow to the northern and south<@miloloa Area
ern coasts lies to either the north or the south of the In scenarios 1 and 2, the proposed well was
topographic divide but is generally not coincident with nymped at rates of 0.337 and 1.326 Mgal/d, respec-
the topographic divide. tively, which corresponds to the range of anticipated
Total model-calculated ground-water discharge demand. For a withdrawal rate of 0.337 Mgal/d, the
from the system for the 1990’s base case is 187.3  model-calculated drawdown of 0.01 ft or more extends
Mgal/d (table 5). Of this discharge, 51 percent is coasta# Mi southeast and 6 mi northwest from the well (fig.

discharge along eastern, southern, and western Molo-24). In the vicinity of wells in the Kualapuu area,
kai, 16 percent is coastal discharge along northern ~ model-calculated drawdown is less than 0.1 ft. For a

Molokai, 30 percent is discharge to streams in north- Withdrawal rate of 1.326 Mgal/d, the mo_del-calculated
eastern valleys, and the remaining 3 percent is groundirawdown of 0.01 ft or more extends 6 mi southeast and

water withdrawal from wells and the Molokai Irrigation 9 mi northwest from the well (fig. 25). Model-calcu-
System tunnel. lated ground-water levels will be lowered by more than

0.1 ftover an area extending from 2 to 4 mi from the site
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of the additional withdrawal. In the vicinity of wells in mi stretch of southern coastline, combined with the
the Kualapuu area, model-calculated drawdown is  affected 6-mi stretch of northern coastline, account for
between 0.1 and 0.5 ft. At both withdrawal rates, the 95 percent of the reduction in discharge. Within the 10-
model-calculated drawdown of 0.01 ft or more extendsmi stretch of southern coastline, the rate of discharge, in
into the East Molokai marginal dike zone near Kua- the absence of the additional withdrawal is 19.4 Mgal/d.
lapuu, but does not extend far into the East Molokai For an additional withdrawal rate of 0.826 Mgal/d at
dike complex. The model-calculated drawdown is lesswell 0901-01, discharge within the delineated 10-mi
than 0.01 ft in the West Molokai dike-free volcanic  stretch of southern coastline is reduced by 3 percent.
rocks.

For steady-state conditions, the rate of ground- MODEL LIMITATIONS
water discharge from the system will be reduced by an
amount equal to the rate of additional withdrawal from The ground-water flow model of Molokai devel-

the system. Model results indicate that, for both with- oped for this study has several limitations. Because
drawal rates at the proposed well, the stretch of coastyyjjable data are limited, the flow model is not consid-

line where discharge reduction is 95 percent of the  greq g be calibrated. There are an insufficient number
additional withdrawal rate extends for a distance of 5t monitor wells to define the spatial distribution of

about 13 mi along the southern coast of the island (figs\yater levels in western Molokai, the inland parts of
24 and 25). Along this 13-mi stretch of coastline, the g4 theastern Molokai, and the dike complex of north-
rate of discharge, without the additional withdrawal, is ¢ astern Molokai. Furthermore, no monitor wells exist to
38.5 Mgal/d. For additional withdrawal rates of 0.337 (e4rly define the water-level distribution in the vicinity
and 1.326 Mgal/d, discharge along the delineated 13-mj¢ ic\;alapuu. Thus, the distribution of model-calculated

stretch of coastline is reduced by 0.8 and 3 percent, \yater levels, although informative, is unverified in
respectively. In both scenarios the reduction of modely|5ces.

calculated discharge to northeastern Molokai streams is

negligible. Because of the lack of sufficient water-level data,
the model developed for this study is not unique. That

Scenario 3--Additional Withdrawal from the IS, it is possible that different distributions of hydraulic

Kualapuu Area conductivity and leakance can be used in a model to

produce equally acceptable model-calculated water lev-

01 In scenario ‘Z tt)heOV\gtzhéjﬁwalllcrja;e froT IV;AE' ,\c/)lgoll/;jels. A model zone was created to represent the marginal
was increased by ©. gavd, from L. 980ike zone of East Molokai Volcano, and two coastal

:ntthde d1r99%s bgsi gaosle fE[O fr?]O? Mg?ll gd Mg(::.l'caktzﬁ'discharge zones were created for southern Molokai.

:aet anc?\évn?ivx r(t)hwé L ?nthgv?/ﬁlxoi)Of:Ol f: SOZUG ‘Although this zonation is plausible, it is probable that
S 0 Stiro M (fig. )'other zonation geometries could produce similar

In the Kualapuu area, model-calculated drawdown

) . » results. The model developed for this study can be
caused by withdrawing the additional 0.826 Mgal/d : :
from well 0901-01 is generally about 0.5 t 1.0 ft. refined and a better representation of the flow system

can be obtained as more data become available to con-
Along the northern coast of the island, the model-strain the model.

calculated rate of discharge is reduced over a total
stretch of coastline of 6 mi (fig. 26). This reduction of
model-calculated discharge is 14 percent of the addi-
tional withdrawal rate. Along this 6-mi stretch of coast-
line, the rate of discharge, in the absence of the
additional withdrawal, is 4.3 Mgal/d. For an additional

withdrawal rate of 0.826 Mgal/d, discharge along this _

stretch of coastline is reduced by 3 percent. Because the ground-water flow model contains

. . only a single layer, vertical hydraulic gradients cannot

e duIanSitéestih g:;tlttg?rt?wecgzsgiléir;gwi;ﬁcig\?vg?rg%e simulated and model-calculated drawdown caused
P by additional withdrawals underestimates actual draw-

extends for a distance of about 10 mi (fig. 26). This 10'down near partially penetrating wells. In addition, the

The recharge estimates used for this study were
made on the basis of a detailed spatial analysis. How-
ever, it is recognized that the uncertainty associated
with the recharge estimates may exceed 25 percent.
Thus, the results of the ground-water flow model are
limited by the uncertainty in the recharge estimates.
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model should not be viewed as a quantitatively precises. Streamflow data at additional sites are needed to esti-
predictive tool because of the uncertainty in the model mate the total baseflow from streams. Improved
hydraulic-conductivity distribution. The model is, nev- baseflow estimates can be used as a check of
ertheless, the best available tool for demonstrating the ~ model performance in northeastern Molokai.
possible regional h_ydrologic effects of adgii_tional With'6. More information is needed to better understand the
draW.a'S on MOIOk‘F.’" for steady-sta‘;et condlt_lons. The subsurface geology, which is an important control
transient hydrologic effects of additional withdrawals on the distribution of water levels and the rates and

are not modeled in this study. directions of ground-water flow.

The AQUIFEM-SALT code, which assumes a
sharp interface between freshwater and saltwater, was
used to simulate the regional flow system on Molokai. SUMMARY AND CONCLUSIONS
No deep monitor wells exist on Molokai which can pro- , . o
vide information on the thickness of the transition zone _ 1he island of Molokai, Hawaii, is composed
between freshwater and underlying saltwater. This ~ Mainly of two coalesced shield volcanoes: the older
information is necessary to evaluate the validity of the West Molokai Volcano, which rises to an altitude of
sharp-interface assumption. In addition, the model ~ 1,430 ft, and the younger East Molokai Volcano, which

developed for this study cannot be used to predict rises to an altitude of 4,961 ft. The Hoolehua Plain lies
changes in salinity, either at the regional- or Iocal-scale.in the central saddle area of the island at altitudes less

than about 800 ft. A high sea cliff runs along much of

the northern coast. Kalaupapa Peninsula, formed by a
DATA NEEDS rejuvenated-stage volcanic vent associated with the

East Molokai Volcano, extends beyond the northern sea

Additional data are needed to improve the under-cliff. A coastal plain lies along the southern coast.

standing of the ground—wa_ter flow system on Molokai. The West and East Molokai Volcanoes each have
As more data become qvallable, the ground—water ﬂOWtWO primary rift zones marked by nearly vertical and
model developed for this study can be refined and the,o.5 1y narallel dikes. The rift zones are hydrologically
accuracy of model predictions can thereby be improved; o ant hecause dikes have low permeability and tend
A few specific data needs are briefly described below.; impound ground-water to high altitudes within inter-

1. Awider spatial distribution of water-levels is needed dike compartments. Numerous vent features associated
to define directions of ground-water flow and with the East Molokai Volcano do not appear to lie
longer periods of measurement are needed to chaalong the trends of the two primary rift zones of the vol-
acterize the hydrologic effects of changes in cano, which may indicate that (1) a marginal dike zone
recharge or withdrawals from the ground-water exists or (2) more than two primary rift zones exist.
system. Additional water-level data also are

X The zone of weathered West Molokai Volcanics
needed to calibrate a ground-water flow model.

and soil located beneath the contact of the West and
2. Aquifer-test data are needed to obtain independentEast Molokai Volcanics likely impedes ground-water
estimates of hydraulic conductivity throughout the flow between East and West Molokai. However, no
island. These independent estimates can serve asdata are available to determine whether this unit is truly
check of the hydraulic conductivity estimates an effective barrier to ground-water flow.
obtained using a numerical ground-water flow

Shade (in press) estimated that ground-water
model. (inp ) g

recharge was 188.6 Mgal/d for natural vegetation con-

3. Improved recharge estimates can lead to enhancedlitions. For the period from 1954-61, pineapple was
confidence in ground-water flow-model predic- cultivated in central and western Molokai, and average
tions. annual recharge in these areas was estimated to be 17.4

4. Deep monitor wells are needed to define the vertical'\/lg‘."llld' Recharge for the entire island during this same
distribution of salinity in ground water. Data from period was estimated to be 201.3 Mgal/d.
these wells are essential to estimate the availability =~ Most of the ground-water withdrawn is from the
of fresh ground-water. Kualapuu area, along the south shore of eastern Molo-
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kai, or from the dike complex in Waikolu Stream valley. created for the assumed East Molokai marginal dike
The annual mean pumpage from wells reported duringone, where numerous volcanic-vent features exist.
1996 was 4.336 Mgal/d. As of June 1997, the permitted

_ To estimate the hydraulic conductivities of the
ground-water withdrawals totaled 8.844 Mgal/d.

model zones, average recharge, withdrawals, and water-

Measured water levels are available primarily at level conditions for the period 1954-61 were simulated.
wells along the southern coast and in the central plainOn the basis of available information, ground-water
area. In the vicinity of Kualapuu, water levels are gen-withdrawals on Molokai during the period 1954-61
erally about 10 to 12 ft above sea level. Along the southaveraged 0.731 Mgal/d, and average annual recharge
shore, water levels are generally 1 to 3 ftabove sea levelas estimated to be 201.3 Mgal/d. On the basis of
between Umipaa and Kawela, and 4 to 5 ft above seamodel results, the following horizontal hydraulic con-
level between Kamalo and Mapulehu. The seasonal anductivities were estimated: (1) 1,000 feet per day for the
interannual variations in water levels appear to be lesslike-free volcanic rocks of East and West Molokai, (2)
than a foot at most wells. In general, hydrographs showl00 feet per day for the marginal dike zone of the East
no long-term trends in water levels. Molokai Volcano, (3) 2 feet per day for the West Molo-
kai dike complex, (4) 0.02 feet per day for the East

indicator of saltwater intrusion into the ground-water Molokai dike complex, and (5) 500 feet per day for the

system. Although chloride concentrations at wells can<@/aupapa Volcanics. The spatial distribution of
change in response to changes in ground-water with- model-calculated water levels are in general agreement

drawals and recharge, existing data do not indicate a With the limited set of measured water levels. Model-
significant long-term change in chloride concentration. calculated ground_-water discharge to streams is in gen-
In 1995, wells in the Kualapuu area produced water eral agreement with estimated baseflow.
with a chloride concentration less than 200 mg/L. The final hydraulic characteristics estimated from

A two-dimensional, areal ground-water flow the model simulations for the 1954—61 period were used

model using a modified version of the computer code in the model to simulate water levels and discharges for

AQUIFEM-SALT (Voss, 1984) was developed to sim- 2 1990’s base-case scenario. Model-calculated water
ulate steady-state grour’wd-water flow on Molokai. The '€vels from the base case are lower than the model-cal-

finite-element mesh used in this study covers the entireCUI"?‘ted water levels from the 1954-61 3|mu[at|on
island of Molokai. period because of decreased recharge and increased

_ _ o ~ground-water withdrawal rates.
For modeling purposes, the island was divided into

seven horizontal-hydraulic-conductivity zones: (1)
dike-free West Molokai Volcanics (flank-flow volcanic
rocks), (2) dike-free East Molokai Volcanics (flank-
flow volcanic rocks), (3) Kalaupapa Volcanics, (4)
West Molokai Volcanics confining unit, (5) West
Molokai Volcanics dike complex, (6) East Molokai
Volcanics dike complex exclusive of the marginal dike
zone, and (7) East Molokai Volcanics marginal dike
zone. The first three zones represent the dike-free, To estimate the hydrologic effects, relative to the
flank-flow volcanic rocks. The West Molokai confin- 1990’s base-case scenario, of withdrawing additional
ing-unit zone represents the zone formed by weatheredround water, three scenarios were simulated. In sce-
volcanic rocks and soil, between West and East Molo-narios 1 and 2, withdrawal rates of 0.377 and 1.326
kai Volcanics. In this study, the West Molokai confin- Mgal/d, respectively, were simulated from a well

ing unit is represented in the two-dimensional model adocated about 4 mi southeast of Kualapuu and 3 mi

a zone of reduced hydraulic conductivity. The West andnorth of Kamiloloa. In scenario 3, the 1992—-96 average
East Molokai dike-complex zones are modeled as zonewithdrawal rate of 0.826 Mgal/d at well 0901-01 near
of lower overall hydraulic conductivity relative to the Kualapuu was increased by 1.174 Mgal/d to 2.000
dike-free volcanic-aquifer zones. A model zone was Mgal/d.

Chloride concentration is generally used as an

Model results are in agreement with the general
conceptual model of the flow system on Molokai, where
ground water flows from the interior, high-recharge
areas to the coast. The model-calculated ground-water
divide separating flow to the northern and southern
coasts lies to either the north or the south of the topo-
graphic divide but is generally not coincident with the
topographic divide.
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APPENDIX A. MODIFICATION OF overlying the ocean bottom is greater than the head in
AQUIFEM-SALT CODE the aquifer.

. . For this study, a modification was made to the

In the unmodified version of AQUIFEM-SALT = Aoy |FEM-SALT code, written in FORTRAN, to elim-
(Voss, 1984), freshwater may enter the modeled aquifef,5te anomalous offshore sources of freshwater. The
in elements with an upper confining unit wherevgr h e was modified to set the confining-unit thickness to
the head overlying the confining unit, exceeds the  ap arpitrary large value at elements where water enters
model-calculated head in the aquifer. In offshore areasyhe aquifer from the overlying confining unit. The effect
hg can be set to zero to avoid introducing freshwater of this modification is to decrease the confining-unit
sources from the ocean. The head overlying the oceafeakance to a value close to zero in those elements
bottom, however, can be better-represented by using thghere water enters the aquifer from the overlying con-
freshwater head equivalent to the height of the saltwatefining unit. If the head in the aquifer exceegsahany
column above the ocean bottom. With this representatime step of the simulation, the confining-unit thickness
tion, however, water overlying the ocean bottom can reverts back to the originally assigned value. The code
enter the aquifer where there is no freshwater lens or modifications are described below and will take effect
where the height of the equivalent freshwater column if the parameter KOD1 is assigned a value of 1 in the

AQUIFEM-SALT input file.

Change the following dimension statement in the subroutine AQUIFM from:
DIMENSION IN(13,NE),LRC(NN),INDEX(NN),IFLO(NE,5),
1 LR(NN),NNEL(NN),UFIX(NN)
to:
DIMENSION IN(13,NE),LRC(NN),INDEX(NN),IFLO(NE,5),
1 LR(NN),NNEL(NN),UFIX(NN),THKO(50000)

Change the following line in subroutine AQUIFM from:
244 READ( 1,860) I,THK(I),HZERO(I)
to:
READ( 1,860) I,THK(I),HZERO(!)
244 THKO(I)=THK()

Insert the following five lines of code

IF(DLEAK(L).GT.0.)THEN
THK(L)=1.0D+50
ELSE
THK(L)=THKO(L)
ENDIF
between the following two existing lines in subroutine AQUIFM:

TLEAKT=TLEAKT+DLEAKT
329 IF(IFINAL.EQ.1) GO TO 411
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The modified AQUIFEM-SALT code is not suit- which model-calculated water levels are plotted against
able for transient simulations. In addition, the modified measured water levels, and as model-response plots
code is not suitable for simulating flow in an aquifer (figs. B5 and B6) in which families of model-calculated
that receives freshwater inflow from an overlying aqui-water levels at particular locations are plotted as a func-
fer through a confining unit. tion of the vertical hydraulic conductivity of the coastal
deposits of southern Molokai. The families of model-

A five-element strip model, consisting of two par- : .
allel rows of 6 nodes each. was made to test the modific@lculated water levels are defined by different values

cations (fig. Al). The five square elements have a nodé)f horizontal hydraulic conductivity of the grpuped _
spacing of 1,000 ft. Elements 1 and 2 are unconfined,zoneforthe dlke-free Wgst aqd East Molokai Volcanics
and elements 3, 4, and 5 are confined and offshore. Th@"d East Molokai marginal dike zone.

altitude of the bottom of the aquifer was assumed to be

-6,000 ft at all nodes. Nodes 1 to 4 were assigned aq%escription of Scatter Plots

fer-top altitudes of 100 ft, nodes 5 to 8 were assigned

aquifer-top altitudes of -150 ft, and nodes 9 to 12 were  gelected, representative scatter plots of model-cal-
assigned aquifer-top altitudes of -5,100 ft. The confin-cyated versus measured water levels are presented in
ing unit was assumed to have a uniform thickness of figyres B1 through B4. Also shown for reference in
100 ft and a vertical hydraulic conductivity of 1 ft/d.  each of the scatter plots is the line on which all data
Elements 3, 4, and 5 were assigngd/alues of 1.250,  points would lie if the model-calculated water levels
63.125, and 125.000 ft, respectively. The horizontal \yere exactly equal to the measured values. In each of
hydraulic conductivity of the aquifer was assigned a  figyres B1 through B4, model results are shown for ver-
value of 1,000 ft/d. Recharge in element 1 was assignegca| hydraulic conductivities of 0.05, 0.5, 1.0, and 5.0
avalue of 1 f¥/s, and recharge in all other elements wastyd for the southern coastal-discharge zone, which is
assumed to be zero. Ground-water withdrawals were formed by the southeastern and southwestern coastal-
also set to zero. discharge zones (fig. 15). Figures B1 and B2 show
The steady-state solution of this test problem wagnodel results obtained using leakance values of 0.001
obtained using both the unmodified and modified ver-and 0.1 per day, respectively, for the northern coastal-
sions of AQUIFEM-SALT. With the unmodified ver-  discharge zone and a horizontal hydraulic conductivity
sion of AQUIFEM-SALT, freshwater enters the aquifer of 500 ft/d for the grouped aquifer zone representing the
from the confining unit at offshore elements 4 and 5 adike-free East and West Molokai Volcanics and the
rates of 1.08 and 3.97f, respectively, and the dis-  East Molokai marginal dike zone. Figures B3 and B4
charge rate at element 3 is 6.0%$t With the modified ~ Show model results obtained using leakance values of
version of AQUIFEM-SALT, freshwater is properly ~ 0.001 and 0.1 per day, respectively, for the northern
precluded from entering the aquifer from the confining coastal-discharge zone and a horizontal hydraulic con-

unit at elements 4 and 5, and the discharge rate at eleductivity of 1,000 ft/d for the grouped aquifer zone. In
ment 3 is equal to 1%ts. the scatter plots, different symbols are used to represent

the water levels at wells in different geographic areas.

Using a horizontal hydraulic conductivity of 500
ft/d for the grouped aquifer zone, it is possible to simu-
late acceptable water levels of 10 to 12 ft in the vicinity
of Kualapuu (fig. B1), but model-calculated water lev-

, . _ els at wells to the south of Kualapuu, near Kaunakakai,

A set of 64 simulations was used to determine Kamiloloa, and Kawela, are generally too high. Using a
whether acceptable agreement between model-calcu-y, i, 4ntal hydraulic conductivity of 1,000 ft/d for the
lated gnd m_easured water Ie_vels could be obtained “S'\C\'ﬂrouped aquifer zone, it is possible to obtain an accept-
a parsimonious representation of the ground-water flo Lble match between measured and model-calculated

system on Molokai. In this set, model zones were CoMy ey eyels for wells near Kaunakakai, Kamiloloa, and
bm_ed in an attempt to produce a parsimonious represeily,yela, but model-calculated water levels at Kualapuu
tation of the system. Selected, representative results

) > are too low (figs. B3 and B4). Model-calculated water
from the set are shown as scatter plots (figs. B1-B4) g\ o5 at coastal wells near Kamalo and Ualapue are

APPENDIX B. MODEL RESPONSE TO
CHANGES IN HYDRAULIC
CHARACTERISTICS
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2 4 6 8 10 12
element number
1 2 3 4 5
X node
1 3 5 7 9 11
node number
X y Top Bottom Hydraulic
Node coordinate coordinate altitude altitude conductivity
(ft) (ft) (ft) (ft) (f/d)
1 0 0 100 -6,000 1,000
2 0 1,000 100 -6,000 1,000
3 1,000 0 100 -6,000 1,000
4 1,000 1,000 100 -6,000 1,000
5 2,000 0 -150 -6,000 1,000
6 2,000 1,000 -150 -6,000 1,000
7 3,000 0 -150 -6,000 1,000
8 3,000 1,000 -150 -6,000 1,000
9 4,000 0 -5,100 -6,000 1,000
10 4,000 1,000 -5,100 -6,000 1,000
11 5,000 0 -5,100 -6,000 1,000
12 5,000 1,000 -5,100 -6,000 1,000
Element Leakance Recharge
(per day) (ft3/s)

1 unconfined 1

2 unconfined 0

3 0.01 0

4 0.01 0

5 0.01 0

Figure Al. Finite-element strip model for test of AQUIFEM-SALT code maodification.
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MEASURED WATER LEVEL, IN FEET ABOVE MEAN SEA LEVEL

EXPLANATION

PLUS OR MINUS ONE STANDARD
DEVIATION FROM THE MEASURED
WATER LEVEL--Average value appears
as a symbol at the midpoint of the line

-——— LINE OF EQUAL MEASURED AND
MODEL-CALCULATED WATER
LEVELS

Figure B1.

WELLS NEAR KAMALO AND UALAPUE

WELLS NEAR KAUNAKAKAI, KAMILOLOA,
AND KAWELA

WELLS NEAR KUALAPUU

WELLS WEST OF KUALAPUU

Model-calculated and measured water levels for the period 1954-61, Molokai, Hawaii, for various

values of the vertical hydraulic conductivity of the southern coastal-discharge zone, a leakance of 0.001 per
day for the northern coastal-discharge zone, and an isotropic horizontal hydraulic conductivity of 500 feet per
day for the model zones representing the dike-free West and East Molokai Volcanics and East Molokai

marginal dike zone.
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MODEL-CALCULATED WATER
LEVELS

Figure B2.

WELLS NEAR KAMALO AND UALAPUE

WELLS NEAR KAUNAKAKAI, KAMILOLOA,
AND KAWELA

WELLS NEAR KUALAPUU

WELLS WEST OF KUALAPUU

Model-calculated and measured water levels for the period 1954-61, Molokai, Hawaii, for various

values of the vertical hydraulic conductivity of the southern coastal-discharge zone, a leakance of 0.1 per day
for the northern coastal-discharge zone, and an isotropic horizontal hydraulic conductivity of 500 feet per day
for the model zones representing the dike-free West and East Molokai Volcanics and East Molokai marginal

dike zone.
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Figure B3.

WELLS NEAR KAMALO AND UALAPUE

WELLS NEAR KAUNAKAKAI, KAMILOLOA,
AND KAWELA

WELLS NEAR KUALAPUU

WELLS WEST OF KUALAPUU

Model-calculated and measured water levels for the period 1954-61, Molokai, Hawaii, for various

values of the vertical hydraulic conductivity of the southern coastal-discharge zone, a leakance of 0.001 per
day for the northern coastal-discharge zone, and an isotropic horizontal hydraulic conductivity of 1,000 feet
per day for the model zones representing the dike-free West and East Molokai Volcanics and East Molokai

marginal dike zone.

58
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Figure B4.
values of the vertical hydraulic conductivity of the southern coastal-discharge zone, a leakance of 0.1 per

day for the northern coastal-discharge zone, and an isotropic horizontal hydraulic conductivity of 1,000 feet
per day for the model zones representing the dike-free West and East Molokai Volcanics and East Molokai

marginal dike zone.
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WATER LEVEL, IN FEET ABOVE MEAN SEA LEVEL
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EXPLANATION
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_— AVERAGE MEASURED WATER LEVEL

Figure B5. Response of the ground-water flow model to the vertical hydraulic conductivity of the southern
coastal-discharge zone for a leakance of 0.001 per day for the northern coastal-discharge zone, and
isotropic horizontal hydraulic conductivities of 250; 500; 1,000; and 2,000 feet per day for the model zones
representing the dike-free West and East Molokai Volcanics and East Molokai marginal dike zone.
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WATER LEVEL, IN FEET ABOVE MEAN SEA LEVEL
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Response of the ground-water flow model to the vertical hydraulic conductivity of the southern

coastal-discharge zone for a leakance of 0.1 per day for the northern coastal-discharge zone, and
isotropic horizontal hydraulic conductivities of 250; 500; 1,000; and 2,000 feet per day for the model zones
representing the dike-free West and East Molokai Volcanics and East Molokai marginal dike zone.
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within about a foot of the corresponding measured  B6 indicates that model-calculated water levels at well
water levels using a hydraulic conductivity of 0.5 ft/d 0352-01 are relatively unaffected by changes in the
for the southern coastal-discharge zone (figs. B1-B4)value for the northern coastal-discharge-zone leakance.
However, using a hydraulic conductivity of 0.5 ft/d for Using horizontal hydraulic conductivities ranging from
the southern coastal discharge zone results in model-1,000 to 2,000 ft/d for the grouped aquifer zone, model-
calculated water levels at wells near Kaunakakai, response results for well 0352-01 indicate that the best
Kamiloloa, and Kawela that are too high. vertical hydraulic conductivity for the southern coastal-
discharge zone is between about 0.4 and 0.6 ft/d.

Description of Model-Response Plots The average measured water level at well 0700-01
is 6.24 ft above mean sea level. For well 0700-01, best

Selected, representative model-response results fépodel results are obtained using hydraulic conductivi-
wells near Kualapuu (0901-01), Kamiloloa (0700-01), tiés of 2,000 ft/d for the grouped aquifer zone and 0.4
Kawela (0457-01), and Kamalo (0352-01) are shown inft/d for the southern coastal-discharge zone. Using these

figures B5 and B6. (Note that well 0700-01 is actually S8me hydraulic conductivities, however, results in a
north of Kamiloloa.) In figures B5 and B6, model model-calculated water level at well 0901-01 that is

ties of 250: 500: 1,000: and 2,000 ft/d for the groupedthe range of hydraulic-conductivity values represented
aquifer zone, and vertical hydraulic conductivities of In figures BS and B6, model-calculated water levels at
0.05, 0.5, 1.0, and 5.0 ft/d for the southern coastal-diswell 0457-01 are higher than the average measured
charge zone. Figure B5 shows results for a northern- Water level at the well.

coastal-discharge-zone leakance of 0.001 per day and

figure B6 shows results for a leakance of 0.1 per day. InDiscussion of Parsimonious Model
figures B5 and B6, a solid horizontal line is used to rep-

resent the average measured water level at the well for ¢\ \its from the 64 simulations indicate that a par-

1954-61, if data for that period were available, or for g, ,nious model, in which the East Molokai marginal

the entire period of record, if no data were available fordike zone is grouped with the West and East Molokai
1954-61. Dashed horizontal lines above and below th‘?/olcanics and a single discharge zone is used for the

solid hori_zo_ntal line represent plus and minus one stans, +harn coast, is not capable of producing model-cal-
dard deviation, respectively, fromthe average measuregulated water levels in agreement with measured water

water level. levels in all areas. However, information from these
The average measured water level at well 0352-01simulations narrowed the ranges of hydraulic character-

is 4.63 ft above mean sea level. For well 0352-01, theistics for the various zones and was used to estimate the

intersection of each curve with the horizontal line at final hydraulic-conductivity and leakance values (table

4.63 ft yields the best value of vertical hydraulic con- 4).

ductivity of the southern coastal-discharge zone (read

off the horizontal axis) for the given horizontal hydrau-

lic conductivity of the grouped aquifer zone and north-

ern-coastal-discharge-zone leakance represented by the

curve. The curve for a hydraulic conductivity of 250 ft/d

for the grouped aquifer zone does not intersect the hor-

izontal line at 4.63 ft within the tested ranges of lea-

kance values of the northern coastal-discharge zone and

vertical hydraulic conductivity values of the southern

coastal-discharge zone (see for example figures B5 and

B6). This indicates that the northern-coastal-discharge-

zone leakance or southern-coastal-discharge-zone verti-

cal hydraulic conductivity values tested are too low, or,

more likely, that the hydraulic conductivity of 250 ft/d

for the aquifer is too low. Comparison of figures B5 and
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